our groups have recently developed related approaches for sample preparation for super-resolution imaging within endogenous cellular environments using correlative light and electron microscopy (cleM). Four distinct techniques for preparing and acquiring super-resolution cleM data sets for aldehyde-fixed specimens are provided, including tokuyasu cryosectioning, whole-cell mount, cell unroofing and platinum replication, and resin embedding and sectioning. the choice of the best protocol for a given application depends on a number of criteria that are discussed in detail. tokuyasu cryosectioning is relatively rapid but is limited to small, delicate specimens. Whole-cell mount has the simplest sample preparation but is restricted to surface structures. cell unroofing and platinum replication creates high-contrast, 3D images of the cytoplasmic surface of the plasma membrane but is more challenging than whole-cell mount. resin embedding permits serial sectioning of large samples but is limited to osmium-resistant probes, and is technically difficult. expected results from these protocols include super-resolution localization (~10-50 nm) of fluorescent targets within the context of electron microscopy ultrastructure, which can help address cell biological questions. these protocols can be completed in 2-7 d, are compatible with a number of super-resolution imaging protocols, and are broadly applicable across biology.
IntroDuctIon
Since the advent of microscopy, scientists have sought ways to provide contrast to tissues, cells, and subcellular structures in order to enhance visualization. At first, stains that delineated specific cellular populations within tissues were developed (e.g., Golgi stain for neurons), followed by methods to visualize subcellular objects (e.g., hematoxylin for nucleic acids). Concomitant improvements in sample processing and preservation were additionally developed to maximize utility for biological specimens. The invention of electron microscopy (EM) provided unprecedented nanometer-level resolution of cellular structures; on the other hand, it has suffered from low throughput and the limitations of current methods for providing proteinspecific information. Therefore, light and electron microscopy largely diverged as separate modalities, each with distinct staining, sample processing, and imaging methods.
The discovery and optimization of fluorescent proteins (FPs) such as GFP 1,2 reinvigorated light microscopy, owing to the superb specificity of the label (genetic encoding enabling easy targeting of specific proteins, organelles, and cell populations in diverse organisms) 3 . A broad palette of FPs is available across the visible spectrum, and FPs routinely provide high contrast over specimen background autofluorescence. The main drawback to fluorescence microscopy, as compared with EM, has historically been the resolution limit-i.e., the size of the smallest discernible structures in the sample. Using conventional microscopy under ideal conditions, fluorescence signals can be localized only to within ~200 nm, compared with the subnanometer resolution of electron microscopy.
Recent advances, both in labels (i.e., the discovery and engineering of photoactivatable or photoswitchable FPs (paFPs) 4 ) and in microscope design and hardware, have given birth to a new generation of fluorescence microscopy approaches with markedly improved spatial resolution (<50 nm, and as low as ~10 nm under ideal conditions), collectively dubbed 'superresolution imaging' [5] [6] [7] [8] [9] [10] . Single-molecule localization microscopy (SMLM) is a major super-resolution imaging modality that relies on the serial determination of the location of individual emitting molecules. Localization microscopy techniques include photoactivatable localization microscopy (PALM) 5 and fluorescence PALM (FPALM) 6 , which rely on paFP labels, and stochastic optical reconstruction microscopy (STORM) 7 and direct STORM (dSTORM) 11 , which use photoswitchable small-molecule dyes brought into the vicinity of the target structure via affinity reagents such as antibodies. Localization microscopy is slow relative to conventional microscopy. This typically necessitates the use of fixed tissue, precluding the study of live-cell dynamic processes, but localization microscopy is ideal for combination with EM, another fixed-sample technique.
Capturing and correlating complementary data sets from fluorescence and electron microscopy channels has been possible for decades. However, until the advent of super-resolution imaging, the resolutions of light and electron microscopy data were not well matched (~1 nm for EM compared with ~200 nm for light), making such endeavors mostly useful only for general feature identification. In addition, traditional CLEM approaches can suffer from degraded sample and/or image quality in either one or both imaging modalities. Examples include weak tissue preservation protocols, resulting in poor ultrastructure-e.g., mitochondrial cristae membranes not resolved; strong tissue preservation protocols that destroy target fluorescence, create unacceptable autofluorescence or create fixation artifacts; or protocols that are applicable only to very small samples, precluding critical experiments such as those on neurons, cellular networks, or whole organs.
In the past few years, with advances in FPs, microscopes, and preservation protocols, these failure modes have begun to be systematically addressed [12] [13] [14] [15] [16] [17] . In this article, we provide protocols of several successful methods developed by our groups over the past few years for super-resolution fluorescence CLEM [18] [19] [20] [21] [22] . The better match between the resolution of super-resolution fluorescence microscopy (~10-50 nm) and that of EM permits quantitative studies that go beyond general feature identification to the elucidation of subcellular and macromolecular complexes.
Overview of the protocols
The protocols detailed here (summarized in Fig. 1 ) were developed independently to accommodate various biological questions but share many steps. For a given biological question and specimen, the most suitable technique may be one or a combination of these techniques. Each protocol consists of four main stages: sample preparation for light microscopy, SMLM imaging, sample preparation and EM, and data analysis/coregistration.
In the four protocols described here, the samples were initially fixed with aldehydes (paraformaldehyde (PFA) and/or glutaraldehyde), to preserve sample integrity and prevent molecular movement. (There are alternatives to aldehyde fixation, which are discussed below.) After this, the protocols diverge, depending on the specific targets and questions. The SMLM and image registration steps are quite similar across the four protocols; they differ largely in the sample preparation and EM steps. The protocols are typically performed with genetic targeting of FPs to specific proteins, with PALM or interferometric (iPALM) constituting the SMLM modality. Some of the protocols are equally compatible with fluorophores being brought in on affinity reagents, as in STORM and dSTORM. Each compatible protocol is marked with the optional step of (d)STORM imaging; the primary modification is the necessity of adding a reducing buffer to induce smallmolecule dye blinking 11 . Experimental workflows are essentially identical for PALM and (d)STORM; the sole differences are the addition of the labeled affinity reagent and reducing buffer in (d)STORM. Similarly, for 3D imaging, the setups for iPALM and interferometric (d)STORM are also identical. We use standard protocols for PALM 23, 24 and (d)STORM 25 . Other SMLM modalities are also possible (see below).
Choice of protocol
The choice of protocol depends on both the biological question and the available equipment. There are hundreds of pipelines that can be combined from preparation and imaging options for super-resolution optical and electron microscopy. Here, we present a small but diverse sampling of optimized protocols that illustrate the relative advantages and limitations of these techniques. The protocols described here vary in sample preparation and the data they allow one to collect (summarized in Table 1) .
At one limit, the biology may present itself on the cellular surface, and two protocols cover this situation well. One protocol is suited to imaging the outer morphology of the surface of a whole cultured cell. This approach of whole-cell mount PALM-scanning electron microscopy (PALM-SEM) is relatively simple to implement and yields qualitative assessment of membrane curvature as a function of probe localization. The other protocol images the rich morphology of a mechanically exposed surface of the inner cell membrane. This correlative 2D PALM-transmission electron microscopy (PALM-TEM) of a platinum replica of the plasma membrane can be extended to 3D with iPALM-electron tomography (ET). Thus, it is a powerful tool for studies of endocytosis or exocytosis (and potentially other processes) on membranes. The membrane environment of isolated organelles such as nuclei and mitochondria could also be investigated.
If the biological target is not already exposed or cannot be exposed on an open surface, then some form of mechanical sectioning is needed to expose and image the interior of a cell or tissue by EM and localization microscopy techniques operating within the total internal reflection fluorescence regime (<200 nm from the coverslip surface). The two main alternatives are Tokuyasu cryosections and plasticized sections. The former is faster and simpler to implement (the Tokuyasu protocol can be performed in 1-2 d), but the ultrastructure preservation might be not as good as with plasticized sections. The latter is also compatible with serial sectioning. Another very important consideration when deciding between these protocols is the labeling strategy. The Tokuyasu technique generally permits milder fixation and thus allows a wider choice of fluorescent labels. To preserve good ultrastructure in plasticized sections, staining with heavy metals such as osmium tetroxide (OsO 4 ) is recommended; this substantially limits the choice of labels that can preserve fluorescence under such stringent fixation. The choice of resin used for embedding may also be limited by how well fluorescence is preserved. (In general, hydrophilic resins tend to preserve fluorescence better than hydrophobic ones.) Acrylic resins, such as LR White 26 , GMA 13, 20 , and Lowicryl 27 , have been successfully used for CLEM purposes, whereas epoxy resins, such as Epon, remain challenging.
Two protocols are based on Tokuyasu cryosectioning. One focuses on simplicity and speed of implementation, while retaining 2D correlative images with PALM-SEM. The other, with a substantial extension of equipment sophistication, time, and effort, achieves 3D correlative imaging on thick (~1 µm) cryosections. The final protocol illustrates how high-quality PALM imaging can be extended to sections of plastic-embedded specimens, showing excellent EM preservation. This was enabled by developing a customized photoactivatable fluorescent protein that survives these harsher preparation conditions 20 .
In deciding which protocol to use or develop, there are several further considerations: z resolution. Many biological problems can be investigated in thin sections, effectively reducing CLEM to 2D. This is attractive because one can use simpler and more widely available equipment. In addition, sample distortion is minimized. If high z resolution is required in 3D samples such as thick sections, then iPALM or other 3D-super-resolution fluorescence methods can be combined with electron tomography, focused ion beam milling/SEM (FIB-SEM), or serial sectioning of resin-embedded specimens (plasticized samples can also be imaged under FIB-SEM). iPALM provides the highest z resolution (~10 nm) of current See text and table 1 for the details, advantages and limitations, and anticipated results for each procedure. Scale bars, 500 nm. FIB-SEM/iPALM image in the bottom panel is reproduced with permission from Kopek et al. 19 , PLoS One/Creative Commons. Arrows in TEM/PALM image indicate the locations of mitochondrial cristae. Images further discussed in Figure 6 . Au, gold; C, carbon; HPF/FS, high-pressure freezing/freeze substitution; LN 2 , liquid nitrogen; OsO 4 , osmium tetroxide; Pb, lead; Pd, palladium; Pt, platinum; UA, uranyl acetate.
3D super-resolution fluorescence methods. Electron tomography and FIB-SEM provide high z resolution (5-10 nm) in electron microscopy. The z resolution of serial sectioning is dependent on the thickness of the sections (generally limited to >30 nm).
Sample size. Sample sectioning allows for greater fields of view than FIB milling, which is generally limited to 300 µm × 100 µm. Imaging tissues with a large z depth (mm) is best performed through a serial sectioning procedure using resin-embedded specimens from which one can cut reliable sections over a large volume. An array tomography-type approach 28 can be taken whereby sections are placed on a coverslip, imaged in fluorescence mode, and then imaged by SEM (or possibly TEM). Commercial solutions to automate LM/EM image acquisition are becoming available, such as the Zeiss Shuttle & Find SEM system. Serial sectioning could theoretically be used to image very large samples such as brain regions. Loss of material (or other physical damage) can occur upon mechanical sectioning, however, which can yield imperfect sampling along volumes of a specimen.
Sample shape. These protocols have been optimized on flat, adherent cultured cell lines such as 3T3, HeLa, and HEK293. These cells grow in a single layer on coverslips coated with poly-llysine. Unroofing and whole-cell-mount protocols require 2D samples. Tokuyasu cryosectioning and resin embedding could be used on 3D samples such as tissues.
Location of a target within cells or tissues. If targets are located at the outer surface of the plasma membrane, then using whole cells grown and imaged on coverslips may be the best option 21 . If the target is on the inner leaflet of the plasma membrane, then a specialized technique such as 'unroofing' 22 , which removes the body of the cell, may be the best option. Purified nuclei or mitochondria can also be immobilized and observed at the tight coverslip interface. Visualizing internal subcellular components more broadly requires some form of sectioning 19, 20 . All commonly investigated organelles are amenable to visualization with one or more of the protocols described here. Those at a membrane surface can be imaged with unroofing or whole-cell mount; any organelle is addressable by Tokuyasu cryosectioning or resin embedding.
Degree of ultrastructural preservation. Although all the protocols here provide adequate ultrastructural preservation for most applications, the researcher must weigh whether it is sufficient for his or her specific application. Some targets with high labeling density might withstand harsher fixatives and stains that better preserve ultrastructure, but low-copy-number targets may require gentler methods to preserve fluorescence while retaining an appropriate level of ultrastructure.
Processing time. The Tokuyasu cryosectioning and whole-cellmount protocol achieve the fastest turnaround time (~2 d) of the methods discussed here. The other protocols take <1 week.
Alternative techniques
These protocols were developed using SMLM techniques utilizing irreversible probe photoconversion in the context of chemically fixed cells and tissue. This might not be ideally suited to all samples; below we describe other related methods and discuss the settings in which each could be appropriate.
A simple modification would be the use of reversible probe photoswitching, such as PALM with independently running acquisition (PALMIRA) 29 , stochastic optical fluctuation imaging (SOFI) 30 , or nonlinear structured illumination microscopy 31 .
Alternatives to the SMLM imaging techniques used in these protocols include spectral position determination microscopy (SPDM) 32, 33 and its extensions, such as SPDMphymod (physically modifiable fluorophores) 34 . The SPDM approaches can be compatible with traditional fluorophores (as opposed to overtly photoswitchable or photoactivatable probes), and as such are amenable to straightforward multicolor imaging; sometimes this is possible with a single illumination source. Super-resolution imaging is also possible with non-SMLM modalities, such as those that sharpen the excitation spot, including stimulated emission depletion (STED) 8 , reversible saturable optical linear fluorescence transitions (RESOLFT) 35 , groundstate depletion (GSD) 36 , and 4pi microscopy [37] [38] [39] . Correlative 4pi/EM 40 and correlative STED/EM 13, 41 have both been shown to work well.
Methods to develop correlative super-resolution fluorescence with cryo-electron tomography have recently been described [42] [43] [44] ; in general, cryo-microscopy is restricted to very small samples. Cryo-temperature experiments are also hampered by technical considerations such as the lack of suitable objectives, which limits effective numerical aperture. Use of a high-pressure freeze/freeze substitution (HPF-FS) protocol incorporating the contrast agents uranyl acetate (UA) and tannic acid 45 improved the label contrast of fluorophores in SOFI, and allowed SMLM/EM correlation. However, tannic acid negatively affects EM ultrastructural preservation 45, 46 .
In addition to fluorescent-protein-based methods, target proteins can be labeled by fusion with a self-labeling enzyme such as HaloTag 47 or SNAP-tag 48 , followed by incubation with an appropriate small-molecule dye, fluorescence imaging, and then EM. SNAP-tag labeling has been shown to be compatible with STORM imaging, requiring very little post-LM processing to prepare for EM 16 . Fluorescence emitters could also conceivably be generated by interaction-dependent fluorogenesis-e.g., point accumulation for imaging in nanoscale topography 49 . The compatibility of these methods with resin embedding is untested.
For a review of correlative SMLM methods, see Endesfelder 50 or de Boer et al. 51 .
We have left out of our discussion here a variety of other promising, but nonfluorescent, labeling techniques, such as electron density deposition by oxidases [52] [53] [54] [55] [56] , immunolabeling EM (e.g., with hyperantigenic tags 57 ), and fusion to electron-dense proteins 58, 59 .
Experimental design Protocol 1: Tokuyasu cryosectioning. The original PALM paper 5 used Tokuyasu cryosectioning, but fine ultrastructural details were not observable. We improved the original protocol, in both sample handling and ultrastructural preservation, through several modifications. First, we began by increasing the amount of glutaraldehyde in the initial fixation step from 0.1 to 2%. The high level of glutaraldehyde had no discernable effect on the fluorescent proteins or dyes used. However, the use of glutaraldehyde creates a prohibitive level of autofluorescence 60 that can be mitigated by treating the samples with 0.5% sodium borohydride (an aldehyde 'quencher') before fluorescence imaging 61 . After primary fixation with aldehydes, the sample is prepared using standard (25 × 57-nm) from Nanopartz are the most versatile. Sometimes larger (80-nm) gold nanospheres are useful (they are brighter at a 500-to 600-nm emission wavelength and are sometimes easier to see in SEM). If fluorescence imaging is done at 800 nm (such as with Alexa Fluor 750), then bare gold 25 × 75-nm nanorods from Nanopartz should be used. Depending on application and image area, the target surface density of nanoparticles should be 10,000-100,000 mm −2 . The concentration of gold nanoparticles may need to be adjusted to achieve this. 5. Deposit silicon dioxide (SiO 2 ) or indium tin oxide (ITO) using a sputtering deposition system. For SEM, deposit ITO (ITO is conductive and will help with avoiding charging during SEM imaging). The ITO thickness should be selected so that the resistance of the coverslip surface (measured by connecting two multimeter probes near the opposing edges of the coverslip) is below 5 kOhm. For platinum replicas, deposit 20 nm of SiO 2 .
procedures for Tokuyasu cryosectioning, including embedding in gelatin, infiltration with sucrose, sectioning of the frozen sample, and retrieving the sample with a sucrose/methylcellulose solution. Sample sections are placed on 25-mm glass coverslips that (i) have gold nanoparticles deposited and (ii) are coated with indium tin oxide (ITO) (Box 1). The gold nanoparticles (which are both fluorescent and electron-dense) are used to register fluorescence and EM data sets (Fig. 2) , and the ITO coating is required for charge conductance in SEM. Placing the sections on these glass coverslips allows optical and electron microscopy to be performed without transferring the sections to another substrate (i.e., an EM grid), thus reducing sample handling damage and distortions. Using this method, we were able to correlate super-resolution fluorescence and electron microscopy images of diverse targets. Ultrastructure preservation by Tokuyasu cryosectioning is generally good.
For our experiments, we used the fluorescent proteins mEos2 (ref. 62 ) and photoswitchable cyan fluorescent protein 2 (PS-CFP2) 63 . Both of these proteins worked well for our studies, but additional photoactivatable protein derivatives that may work better have been developed since our initial work 20, 64, 65 . We also found that caged small-molecule dyes 19, 66 (e.g., attached to the actin-labeling molecule phalloidin) worked well. A quick and easy test, and necessary control, to determine whether your fluorescent label withstands primary fixation is to grow and label the cells in chambered coverslips. Examining the labeled cells by fluorescence microscopy, both before and after fixation, provides insight into how the fluorescent label withstands primary fixation.
Tokuyasu cryosectioning requires a specialized ultramicrotome with a cryogen attachment. Cryosections are picked up with a droplet of methylcellulose/sucrose solution and placed on a glass coverslip. The gelatinous methylcellulose/sucrose solution prevents the samples from drying out (for time periods <24 h) but must be washed away with buffer before imaging. From this point forward until the final drying steps it is imperative that the sections remain in an aqueous environment. Incubating inverted coverslips on drops of 0.5% sodium borohydride for 15 min minimizes autofluorescence from glutaraldehyde. Many standard protocols for Tokuyasu cryosectioning exist 67, 68 .
3D iPALM 69 uses dual objectives, requiring that another coverslip be placed over the cryosection-containing coverslip and sealed with epoxy and Vaseline. A thin layer of buffer is trapped between the two coverslips to ensure that the sample remains hydrated. After SMLM image acquisition, the coverslip sandwich is separated and the sample is placed in a small dish with buffer. At this point, staining depends on whether 2D or 3D electron microscopy will be performed.
If thicker sections (>250 nm) were used for 3D SMLM imaging, then serial FIB-SEM can be used to obtain 3D EM data from the sample 18, 70 . The preparation of thick Tokuyasu cryosections for FIB-SEM is relatively straightforward. Drops of methylcellulose containing 0.5% UA are placed on a piece of Parafilm attached to an aluminum plate sitting on ice. The coverslip is inverted such that the section faces down and is placed on the methylcellulose drops. After an incubation of 15 min, the coverslip is dried by dragging the edge of the coverslip across filter paper, wicking away excess methylcellulose while leaving a thin layer on top. The coverslip may be held on its edge in contact with the filter paper until it is completely dry. Differential interference contrast (DIC) imaging helps to identify the SMLM-imaged region of the sample for FIB-SEM (Box 2, Fig. 3 ). Before FIB-SEM, the addition of cyanoacrylate directly to the top of the sections aids ion beam milling. This is followed by carbon coating to avoid charging. FIB-SEM operates in a two-step cycle in which a focused beam of Ga + ions mills a few-nanometer-thick layer to expose a new layer inside a sample, which is then imaged by SEM 70 . This procedure is repeated thousands of times to form a 3D EM image stack. This stack is then registered to a 3D fluorescent image stack using Au nanoparticles, which are localized with high precision in both EM and fluorescent images (Fig. 2) .
Methylcellulose/UA is the traditional staining method for Tokuyasu cryosectioning. However, for thin sections, methylcellulose can interfere with electron microscopy, causing the image to appear hazy. This is not an issue with FIB-SEM, as the methylcellulose layer is cut through and the section is imaged from the side because of the perpendicular geometry of the ion gun (top) and electron beam (side). For non-FIB-SEM samples, however, the methylcellulose can degrade EM image quality; thus, a b we developed a complementary method. In this case, after PALM imaging, the coverslip is placed in a small Petri dish for additional electron-dense staining. Protocol 2: whole-cell mount. The whole-cell-mount correlative imaging protocol provides a relatively simple and convenient method for obtaining images of membrane surface topologies while providing molecular specificity for surface molecular assemblies. This protocol was inspired by previous work using standard diffraction-limited fluorescence microscopy and correlative SEM imaging 72 . This protocol does not require mechanical sectioning of the specimen and as such does not require any special preparation of the sample before standard fluorescence microscopy imaging. As this protocol also does not necessitate strong fixation of the specimen before fluorescence imaging, many standard fluorescent proteins used for PALM can be used without substantial loss of fluorescent signal. This protocol also requires very little sample preparation for SEM following fluorescence image acquisition. Briefly, the cellular specimen is placed on a coverslip, allowed to express the probes of interest, and fixed using PFA and a low concentration of glutaraldehyde. The specimen is then imaged using fluorescence super-resolution protocols. Upon acquisition of super-resolution data sets, the specimen is postfixed with glutaraldehyde and osmium. Optionally, the sample can be further fixed with successive rounds of OsO 4 and thiocarbohydrazide treatment ('OTOTO') to improve membrane contrast and stability 73 . The specimen is dehydrated using
Box 2 | Identifying the same area in samples where EM fixation occurs after LM
Correlative LM and EM imaging is usually performed sequentially: LM imaging is done first, followed by additional sample staining and treatment, and then EM imaging. One important and potentially challenging step is finding the areas where LM imaging was performed for subsequent EM imaging. 'Blind' searching in high-resolution EM for a structure that resembles what was imaged during LM can be very time-consuming and ultimately unsuccessful. A better procedure for finding the previously imaged area must be established. This can be done in several possible ways. If both microscopes are equipped with sample coordinate registration software and sample holders (such as in Fig. 4a,b) , and the sample did not need to change substrates (e.g., from coverslip to grid), then follow procedure A. If the microscopes are not equipped with sample coordinate registration software, then creating a set of intermediate-zoom optical image maps can be very helpful. As most cells and thin sections are optically transparent, differential interference contrast (DIC) becomes very useful. It is highly desirable to have the DIC imaging modality available in the LM setup (it is very useful not only for this step, but in general to check sample quality before imaging). If DIC is not available, a fluorescence image map could also be used if all cells are fluorescently labeled with a membrane or similarly uniform stain. In this case, follow procedure B. An example of procedure B is shown in Figure 4c ,d; Figure 4c shows the 10× DIC image taken after the sample has been removed from the LM microscope, before poststaining and EM imaging. Figure 4d presents the 120× DIC image taken in the LM microscope after LM imaging. Having this map greatly simplifies searching for the areas that have been previously imaged.
For the purposes of making a platinum replica for TEM, this process is also aided by a circle that is etched on the bottom of the coverslip with a diamond objective marker after fluorescence imaging (Fig. 5) . To do this, follow procedure C. an ethanol dehydration series and critical-point drying (CPD) 74 . The surface topology of the specimen is then visualized using SEM. It is important to note, however, that SEM provides only surface information, precluding visualization of intracellular membranes and structures using the whole-cell-mount procedure. This technique typically provides only 2D information about surface specimen features. An important consideration for implementation of this protocol comes from the observation that large cellular specimens (high-mass objects) can be displaced by the drying procedure for SEM observation. Care must be taken to meticulously follow each dehydration step in the protocol to prevent movement of the specimen. The optional OTOTO protocol can further mitigate specimen movement. This protocol describes the use of cellular (tissue culture) specimens for interrogating surface topologies and associated molecular assemblies involved in membrane remodeling.
Protocol 3: platinum replica TEM/unroofing. Platinum replica TEM of unroofed cells is a high-contrast method that is well suited to observing the topography of the inner surface of the plasma membrane 75, 76 . In these images, the spatial organization of membrane events (e.g., endocytosis and exocytosis) can be viewed en face with high resolution. Immunolabeling, such as with gold-nanoparticle-coupled antibodies, typically provides a straightforward way to visualize target protein localization within an EM image. Furthermore, in unroofed samples, the proteins of interest are very accessible to antibodies and selflabeling enzymes, typically resulting in a high labeling density. Unfortunately, using immunogold methods to locate proteins in these replicas is difficult because of the inherently high contrast of the platinum (Pt) coating, which thus necessitates the use of sterically bulky 15-nm gold particles to achieve visibility over the Pt coating. To overcome these issues, we developed a correlative super-resolution localization microscopy technique to provide an alternative to immunogold labeling in platinum replicas. This was especially important in our studies of clathrin-mediated endocytosis, where the clathrin meshwork and associated proteins probably produce a steric impediment to the use of large immunogold probes.
In this protocol, we grow cells on gold-nanorod-embedded coverslips, fix them with PFA, and gently sonicate the specimen to remove the top of the cells (unroofing). These thin membrane sheets have exposed and buffer-accessible cytoplasmic faces; they have been extensively used in the past for imaging cell cortices 77 . Super-resolution microscopy can then easily be performed on these samples with nearly any fluorescent label that is compatible with the user's biological system. Alexa Fluor 647, Alexa Fluor 750, mEos3 (ref. 64) or mEos4 (ref. 20) , and PS-CFP2 (ref. 63) are our labels of choice. After fluorescence imaging, the sample is further stabilized with a previous platinum replica CLEM protocol 74 , which uses glutaraldehyde, tannic acid, and UA before ethanol dehydration and CPD. The dry sample is coated with Pt and carbon to make a rigid replica of the sample that can be transferred to a TEM grid for imaging. This method provides highly reproducible correlation with 20-nm accuracy across the 20-µm-wide landscape, which can be directly observed in many cases if using immunofluorescence, because the antibody assemblies are often large enough to be visible in the EM micrograph. This robust correlation owes to the tight adherence of the thin sample to the coverslip during the dehydration and CPD of the sample in preparation for EM and makes it an especially trusted method for finding unknown positions of single proteins. However, this method requires physical disruption of the cell by sonication during fixation, which disrupts the cytoskeleton and washes away cytoplasmic components. Therefore, this method is specific to membrane-bound systems or other thin systems tightly adhered to a coverslip. Protocol 4: resin embedding. Because thick volumetric samples are incompatible with cryosectioning, embedding into an easily sectioned plastic resin remains the best option for these samples. Many standard resin options exist, from waterincompatible Epon epoxy resins to hydrophilic resins such as glycol methacrylate (GMA), LR Gold or LR White, and Lowicryl resins (e.g., K4M and HM20). Epon is typically preferred for EM because of its superior ultrastructure preservation and sectioning properties. Epon, however, requires complete sample dehydration and epoxy polymerization, which can extinguish fluorescence and render antibodies unable to bind antigens. By contrast, hydrophilic resins generally preserve the function of proteins, including FPs and antigens, better than hydrophobic resins but lack the strong cross-linking of Epon. This results in weaker samples that are more sensitive to electron beam damage.
Correlative super-resolution/EM imaging in plastic sections was first shown with PALM and STED microscopy in both GMA and LR White resins 13 . In this study, GMA was selected as the optimal resin because of its retention of FP fluorescence and homogeneous polymerization. However, because of the weak fixation conditions used (0.1% potassium permanganate and 0.001% OsO 4 , no aldehydes) that are necessary to retain fluorescence, ultrastructure preservation was poor compared with that achievable with much higher OsO 4 concentrations.
Other protocols have advanced the use of the acrylic resins. For instance, Lowicryl-HM-20-infiltrated samples could be sectioned and antibody labeled for dSTORM-type superresolution imaging followed by UA staining for SEM 78 . A related protocol 45 retains or even slightly improves switching of fluorescent proteins by optimizing the addition of stains such as tannic acid. Another protocol 12 discusses STORM dyes in various resins.
We set out to optimize the protocol of Watanabe et al. 13 , through both the systematic exploration of fixative cocktails and the protein engineering of mEos2 to better resist fixatives, in particular OsO 4 , while retaining fluorescence and photoconvertibility 20 . We first began by decreasing the amount of water used in the GMA resin mix, which slightly improved ultrastructure preservation without affecting FP fluorescence. Second, we systematically explored combinations of primary fixatives, optimizing for EM ultrastructure, preservation of mEos2 fluorescence properties, and low autofluorescence. This led to the selection of 4% PFA + 0.2% glutaraldehyde as primary fixatives before secondary fixation and embedding. Use of aldehyde quenchers such as borohydride before imaging decreased the background fluorescence attributable to glutaraldehyde polymerization 61 . Finally, we mutated surface residues on mEos2 to remove nucleophilic groups, which are involved in cross-linking with aldehydes and OsO 4 (refs. 79,80) . This resulted in the selection of two mutants, mEos4a and mEos4b, each with substantially improved resistance to OsO 4 fixation and fluorescence properties unchanged from those of the starting scaffold mEos2.
These proteins facilitated the development of two protocols: (i) a 'consecutive-section' approach in which adjacent ultrathin sections cut from resin are separately split between PALM imaging and EM fixation and imaging; and (ii) a 'same-section' approach, in which a single resin-cut section is subjected to both PALM and TEM and/or SEM. In both cases, plastic resin embedding markedly decreases tissue distortion from dehydration and secondary fixation, and additionally improves performance of the specimen under the electron beam. We also found that this protocol is appropriate for use with HPF-FS (e.g., Fig. 1d ) or without it (e.g., Fig. 1e ). We found ultrastructure preservation to be comparable between the two 20 .
The resin embedding protocol is appropriate for all samples. It is a specialized technique and requires the use of fixation-resistant fluorophores such as mEos4 to achieve optimal ultrastructure preservation. The 'same-section' approach requires no sample treatment after LM and prior to EM, and thus results in extremely low sample deformation, allowing for precise and quantifiable registration of LM and EM images. Resin embedding is the only CLEM technique that is readily applicable to large samples.
Questions should be addressed to B.G.K. for the Tokuyasu cryosectioning protocol, S.B.v.E. for the whole-mount protocol, J.W.T. for the platinum replica/TEM unroofing protocol, L.L.L. for the fluorescent protein engineering/resin embedding protocol, and H.F.H. for iPALM and FIB-SEM. Registering and transforming SMLM and EM data sets. The registration of data sets acquired in different modalities is essential for correlative SMLM and EM. EM images may have different nanometer/pixel scales as compared with those of SMLM data sets; in addition, they may be shifted and tilted. The uncertainties owing to imperfect image registration must be accounted for when estimating compound localization accuracy; usually these are treated as independent and are added in quadratures 81 :
where σ loc1 and σ loc2 are the localization accuracies in each data set, and σ reg the accuracy of registration.
As SMLM data sets are vector based, and EM images are typically pixel maps, it is easier to register and transform SMLM data to overlay it with EM data. The registration can be performed using the coordinates of objects (fiducials) that are detectable in both modalities. The procedure is fairly straightforward for 2D registration and we discuss this first.
2D SMLM and EM image registration. We found that Au nanoparticles are very good fiducial markers as they behave as bright, single-dipole emitters during fluorescence imaging and are also electron-dense, so they can be registered in both fluorescence microscopy and EM images. Once the SMLM and EM imaging have been performed, the coordinates of the same Au nanoparticles can be determined with accuracy on the order of 2-5 nm in both data sets. As a result, we have corresponding coordinate Kxy ij terms are the transformation coefficients 19 . The bilinear terms Kx 11 and Ky 11 are usually very small. In choosing imaging sites, we recommend selecting areas that contain as many fiducials as possible. The transformation coefficients Kx, y ij can be determined using POLYWARP function in IDL or using the CP2TFORM function in MATLAB. This step requires a minimum of four coordinate pairs to determine the transformation coefficients; more are desirable in order to reduce the registration error. Au nanoparticles occasionally form clusters, which tend to exhibit wavelength-dependent, higher-order multipole radiation patterns, resulting in erroneous localization results. It is usually relatively easy to identify and exclude these fiducials during processing. However, in order to perform this iterative procedure, the initial reference sets must exceed the minimum size. It is recommended to start with at least 20 fiducial points identifiable in PALM and EM data sets. Then, for an ~30-µm field of view, the achievable average registration error is typically below 10 nm.
3D SMLM and EM image registration. Registration of 3D SMLM
and EM images is more complicated. The main problem is sample deformation during transfer from the aqueous environment of SMLM to the vacuum of an EM. This sample deformation can occur in any direction and is a serious limitation of CLEM in general. Making the sample as thin as possible helps minimize the lateral shrinkage. This can be achieved by working with relatively thin (<1-µm) sections or unroofed cells. We believe that the most promising approach to minimizing shrinkage of sections is plastic embedding. Other methods that we tried still suffer from some degree of vertical shrinkage. Fortunately, because of very high sample aspect ratio (tens of microns lateral to ~0.5 µm vertical), this shrinkage may be considered uniform, and the registration can be done with a constant scaling factor applied to the SMLM data set in the vertical direction (z dimension). Ideally, one would like to create fiducial points either throughout the volume of the sample or on both the top and bottom surfaces of the sample. This would allow for precise quantitative 3D registration of multiple data sets. Unfortunately, we have not been able to create stable fiducial markers on the top surface of cryosections or unroofed cells. Au nanoparticles tend to detach and move during the SMLM experiments, unless they have been covered by a layer of SiO 2 or ITO, or by a section itself (in all these cases they create good fiducial points in the plane of the bottom surface of the sample).
We have successfully used a feature-selection approach to establish the vertical scaling for registering 3D SMLM and EM data sets (Fig. 4) . Such features need to clearly define an object in the volume of the sample (ideally as close to the top surface of the sample as possible-or even better-the top surface itself) and must be identified in both imaging modalities with high vertical precision. The images can then be scaled so that the fluorescence falls within boundaries on the EM (i.e., the bottom edge of the section and the mitochondrial membrane). This feature-selection approach can be used for scaling and registration. Scale bars, 500 nm. Figure adapted with permission from Kopek et al. 18 , National Academy of Sciences. 2 O, 2 ml of 1 M phosphate buffer, pH 7.4, 5 ml of 20% sucrose, 5 ml of 8% (wt/vol) glutaraldehyde, and 5 ml of 16% (wt/vol) PFA.  crItIcal This solution must be used on the day of preparation.
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M Sucrose in phosphate buffer for Tokuyasu cryosectioning
Measure 100 ml of water using a graduated cylinder and pour it into a 250-ml beaker. Mark the meniscus; then pour out the water. Add a stir bar and then 80 g of sucrose to the beaker. Add 10 ml of 1 M phosphate buffer, pH 7.4, to the beaker and then fill to mark on the beaker with dH 2 O. Stir until the sucrose is dissolved, and then filter-sterilize using a 0.22-mm vacuum filtration unit. Store the solution at 4 °C for up to 4 months. (xii) Put some solidified 10% gelatin into a microcentrifuge tube (you can transfer chunks using a metal spatula).
10% (wt/vol) gelatin for Tokuyasu cryosectioning
2% (wt/vol) Glutaraldehyde in PBS for whole-cell mount
Warm the gelatin in a microcentrifuge tube until it has melted in a water bath set to 37 °C (~20 min). Gelatin can also be melted in a microwave and kept molten in a 37 °C water bath. (xiii) In addition, warm the microcentrifuge tube containing the pellet in the water bath set to 37 °C. This will prevent the gelatin from solidifying prematurely when added to the sample. (xiv) When the gelatin has melted, remove the supernatant covering the pellet and gently wash the pellet twice with the warm gelatin. (xv) Add 1 ml of warm gelatin to the pellet-containing microcentrifuge tube, and, keeping the microcentrifuge tube in the warm water bath, resuspend the pellet in the gelatin. Mixing can be done using a syringe needle. (xvi) Once the pellet is resuspended in the gelatin, centrifuge at 16,000g for 3 min at room temperature. (xvii) Put the microcentrifuge tube on ice for 20 min until the gelatin solidifies. (xviii) Use a razor blade to cut off the bottom of the tube just above the pellet, and gently remove the gelatin containing the pellet. ! cautIon Take care when you are using a sharp razor blade. One can also try to dislodge and remove the pellet using a wooden stick without cutting the tube. (xix) Place 1 ml of 2.3 M sucrose in 0.1 M phosphate buffer, pH 7.4, into a 1.5-ml microcentrifuge tube. (xx) Place an aluminum plate on ice under a stereomicroscope. Place the gelatin-embedded pellet on the plate and use a scalpel to cut away the excess gelatin from the cell pellet (discard non-pellet-containing gelatin). Using a scalpel, cut the cell pellet into pyramidal pieces less than 1 mm 3 . ! cautIon Use caution when using the scalpel. (xxi) Using a metal spatula, transfer the small pieces of sample to the microcentrifuge tube containing the 2.3 M sucrose solution. (xxii) Place the microcentrifuge tube(s) on a rotator inside a 4 °C refrigerator or cold room. Infiltrate the samples with sucrose by rotating overnight (12-16 h). (xxiii) The following day or after the incubation, remove the sample pieces using a wooden applicator cut to have an angled flat edge, leaving a small amount of sucrose solution in contact with the sample. (xxiv) Place a sample piece onto the center of an aluminum pin holder and freeze it by plunging it into liquid nitrogen.
The pins can then be placed in cryovials and stored until sectioning.  pause poInt Frozen samples can be stored indefinitely in liquid nitrogen until sectioning. Note that having a hole in the cryovial helps ensure that the pins remain frozen in liquid nitrogen. It also reduces the probability of a cryovial exploding because of liquid nitrogen expansion. (xxv) Cut cryosections to the required thickness. Various thicknesses can be cut based on the application and imaging mode.
For 2D imaging, sections with a thickness of 100 nm give good results. For 3D imaging, sections of 500-1,000 nm may be used. For an in-depth protocol for cryosectioning, see refs. 67,68. (xxvi) Place cryosections directly on the center of the prepared coverslips (box 1). The methylcellulose-sucrose pick-up solution will automatically cover the section, preventing dehydration.
? troublesHootInG  pause poInt The sample should be stored at 4 °C until just before imaging. It can be stored at 4 °C for up to 24 h. (i) Mark 18-to 25-mm coverslips at two locations to spatially distinguish a coordinate system for general referencing of the location of cellular specimens. Typically, a 'north' and 'east' direction marking is sufficient to locate cells of interest (box 2 and Fig. 3a,b) . ? troublesHootInG (ii) Seed tissue culture cells to marked 18-to 25-mm coverslips using standard practices. ? troublesHootInG  pause poInt It is advisable to use freshly prepared samples because of potential decay of the fluorescent proteins. However, we had samples expressing mEos4 that retained fluorescence up to 2 years after preparation when stored at −20 °C. (xxiv) Cut sections to required thickness using standard ultramicrotomy. Various thicknesses can be cut based on the application and imaging mode. For 2D imaging, sections with a thickness of 100 nm give good results. For 3D imaging, sections of 500-1,000 nm may be used.  crItIcal step Allow the samples to stabilize at room temperature for 30 min before sectioning. In addition, limit the amount of exposure to light during sectioning to avoid bleaching of fluorescent samples.
? troublesHootInG (xxv) If you are performing the 'consecutive-section' approach, in which adjacent ultrathin sections cut from resin are separately split between PALM imaging and EM fixation and imaging, cut one section and place it on the center of a coverslip and then take the next or 'consecutive' section and place it on a standard TEM grid. If you are performing the 'same-section' approach, in which a single resin-cut section is subjected to both PALM and TEM, then place the section on a Pioloform-coated coverslip (box 3). If you are performing the 'same-section' approach with SEM, then place the section on an ITO-coated coverslip with gold fiducials (box 1). (xxvi) Proceed to fluorescence imaging (Step 2) for sections on coverslips. ? troublesHootInG (xiii) Transfer the Type A specimen carrier containing the sample to a 2-ml Nalgene cryovial containing 1 ml of freeze substitution medium. Program the FS unit according to the following program. ? troublesHootInG Troubleshooting advice can be found in table 2. Additional advice follows. The replica sticks to the wall of the 12-well plate and breaks
Unknown
As soon as you see the replica approach the wall of the well, you should add more water to help it move away from the wall. The replicas should be constantly observed during this process 3D(xix) The replica breaks into pieces when lifted out of solution or placed on the grid
The carbon layer is too thin Coat with more carbon to make the replica more stable 3D(xxi) Sample looks melted in EM There was trace water present during critical-point drying Make sure that you are using 100% dry ethanol during dehydration. Open a new bottle before each dehydration or ensure that EtOH dried over a molecular sieve is used
The critical-point dryer is not functioning properly
Check to make sure that the critical-point dryer is operating at the appropriate temperatures and pressures, and has enough CO 2
The sample dried out before critical-point drying or became wet after critical-point drying
Be sure that your sample never dries out before critical-point drying, and gets rotary-shadowed immediately after CPD to avoid rehydration from moisture in the air Make aldehydes fresh before each use, as detailed in the protocols. Aldehydes polymerize over time, resulting in a loss of reactivity and an increase in size, such that they penetrate samples more slowly. Avoid using 'ready-to-use' fixatives, as these can contain preservatives that inhibit polymerization. Instead, purchase 'EM quality' glutaraldehyde, as it contains the highest fraction of monomers, which have optimal reactivity and sample penetration.
Temperature, pH, and osmolarity should all be optimized to improve the quality of fixation. Fixation time is among the most important variables in sample quality and is easy to manipulate. In general, PFA fixation proceeds slowly and glutaraldehyde fixation more rapidly; conversely, PFA penetrates the sample more quickly than the larger glutaraldehyde. A mixture of the two typically provides a nice balance between fixing the sample quickly enough that its quality is maintained but slowly enough that sample damage such as oxidation does not occur. Dehydration of underfixed samples can frequently lead to protein precipitation, creating aggregates that can interfere with both LM and EM. In addition to cutting down on glutaraldehyde aromatization and subsequent autofluorescence generation (as discussed above), the use of aldehyde quenchers such as borohydrides also blocks free aldehydes, whose reactivity can become a problem in subsequent steps such as antibody addition.
Membrane blebs can be produced by cells as they die during fixation. The poor reactivity of aldehydes against lipids can lead to membrane motility such as vesiculation or the formation of 'myelin figures' in samples. Use of membrane cross-linkers such as OsO 4 can largely alleviate such potential artifacts. PFA can cross-link DNA, leading to chromatin alterations. In general, bright-field microscopy (such as DIC) can be a quick and effective way to diagnose fixation artifacts before proceeding to SMLM and EM. We find that optimization of the fixation protocol can largely alleviate concerns about these potential artifacts.
Fixation can also decrease the performance of fluorescent proteins. Optimization of fixation time can improve fluorescence preservation. Alternatively, specifically engineered fluorescent proteins such as mEos4 resist fluorescence loss better than unoptimized probes (but still show fluorescence loss). An easy way to optimize fixation conditions for fluorescent targets is to perform fixation of samples in a vessel (e.g., glass-bottom dish, chambered coverslip) in which the sample can be imaged and fluorescence monitored during the various steps of sample preparation.
Dehydration
Dehydration is a step common to all EM preservation techniques and will often destroy fluorescent proteins. Most of our sample preparation techniques avoid sample dehydration before fluorescence imaging (except for those using fixation-resistant proteins). Removal of water and other volatile liquids from samples can result in sample shrinkage and deformation. Overly rapid dehydration can lead to plasmolysis of the cells and extraction of small organelles from the cells, and can also cause samples to become hard and brittle. On the other hand, the presence of residual dehydrating agents (particularly ethanol) can both cause blocks to become soft over time and can interfere with subsequent plastic resin polymerization steps. For an analysis of the artifacts that can be caused by dehydration and resin-embedding, see Mollenhauer 83 . If samples become noticeably disrupted during dehydration (which again, may be diagnosed by DIC imaging), these steps should be optimized for the sample. Both acetone and ethanol, as well as different concentration steps and incubation times, should be tested on the sample.
sectioning artifacts
The cutting of sections is also subject to artifact generation. Tears in the sample can decrease image quality and make alignment of torn halves problematic. Folds can obscure objects of interest and make alignment and interpretation difficult. Obtaining the services and advice of an expert in ultramicrotomy will be necessary to obtain good sections for imaging.
• tIMInG
Step 1A, Tokuyasu cryosectioning: 2 d
Step 1B, whole-cell mount: 2-3 d
Step 1C, unroofed cells: 2-3 d
Step 1D, OsO 4 -resistant labels, GMA resin embedding, no high-pressure freezing: 5-7 d
Step 1E, OsO 4 -resistant labels, high-pressure freezing, and freeze substitution: 5-7 d
Step 2, super-resolution imaging: 1 h per area imaged
Step 3A, staining Tokuyasu cryosections for 2D SEM: 1 h
Step 3B, staining Tokuyasu cryosections for FIB-SEM: 15 min
